Abstract: Argentina is one of the countries that are most widely affected by chronic endemic regional hydroarsenicism, a syndrome caused by the constant consumption of water polluted with arsenic at higher levels. In this study, the interaction of bovine serum albumin with arsenite and arsenate was analyzed employing UV-Vis spectroscopy, considering its low cost and greater availability. The number of binding sites, binding constants, and thermodynamic parameters -∆G°, ∆H°, and ∆S° -were determined. The results obtained indicate that the interaction of bovine serum albumin with arsenate is ionic, while that with arsenite is hydrophobic.
Introduction
Arsenic is a natural element that is widely distributed in the atmosphere, hydrosphere, and biosphere. Although a huge amount of arsenic in the environment comes from natural sources (weathering, biological activity, volcanic emissions), human activity is greatly responsible for its production, whether by industrial processes (mining, smelting of metals, wood preservatives, and so on) 1 or by agricultural activities (insecticides, fungicides, and herbicides). 2 Arsenic can be present in different oxidation states (-III, 0, III, V), in organic and inorganic forms, and in a wide range of concentrations in the air, water, the soil, vegetables, and animals. Arsenic compounds can cause lung, bladder, or skin cancer; 3, 4 or different diseases such as hepatic diseases, renal diseases, 5 neurological diseases, 6 hematologic and circulatory disorders; and can even cause death. 7, 8 These compounds are considered protoplasmic toxins that act mainly by suppressing the enzymatic systems. 9 The World Health Organization (WHO) estimates that 1 out of 10,000 inhabitants runs the risk of contracting skin cancer due to the ingestion of water contaminated with arsenic. 10 Argentina is one of the countries that are most widely affected by chronic endemic regional hydroarsenicism, a syndrome caused by the constant consumption of water polluted with arsenic at higher levels than those set by WHO. The underground water aquifers of the Argentine central provinces, including San Luis, are polluted with arsenic. In most cases, the causes are natural and are related to volcanic activity and to the hydrothermal activity associated with the Andes. 11, 12 The different forms of arsenic show different levels of toxicity; inorganic arsenite (iAs III ), the most toxic inorganic form, is ten times more toxic than inorganic arsenate (iAs submit your manuscript | www.dovepress.com
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curvale et al concentrations than inorganic forms, although the level of organic forms increases as a result of methylation reactions produced by microbial activity. 13 iAs V is the most widely found species of arsenic in the environment, the majority of which is found in water and the soil. The toxicity of As can be related to the degradation of proteins or to the limitation of the synthesis of methylated metabolites that contain As III .
Methylation of iAs
III to monomethyl arsenic or dimethyl arsenic is a biotransformation mechanism that is preceded by reduction of iAs V to iAs III and subsequent methylation. The binding of iAs III to proteins could be the first stage of the biotransformation mechanism.
14 Arsenic forms covalent bonds with the sulfur atom of the sulfhydryl or thiol groups only when water is present. 15, 16 iAs III enters the pyruvateoxidase system, binding to the sulfhydryl groups of proteins, and forms a very stable ring complex.
The most relevant property of mammal serum albumin is its ability to reversibly bind to a large variety of endogenous and exogenous ligands, acting as a nonspecific carrier. 17 The majority of albumins contain 17 disulfide bridges and a thiol group that is a free cysteine (Cys). This residue (Cys 34) is reactive, polarizable, and redox-active; it has a high affinity for metals and is especially sensitive to the local environment; 18, 19 its functionality is accompanied by the Tyr 84 residue. 20 Reactive oxygen species can increase the oxidization state of the sulfur atom in Cys, generating sulfenic, sulfinic, and sulfonic oxacids. This characteristic suggests that redox reactions are used to efficiently biotransform reactive species or to fulfill the role of regulating metabolic pathways. Proteins possess other residues that contain sulfur, such as methionine, but the Cys residues are the most sensitive ones to redox processes. The formation of the disulfide bridge stabilizes extracellular proteins, protects against inactivation, determines the association with other proteins, and regulates its functions. 21 When bovine serum albumin (BSA), structurally similar to human serum albumin (HSA), was employed to investigate its possible binding sites to As using displacement markers, it was found to bind to specific Sudlow's sites I and II of BSA. 22 Considering that arsenic has a tendency to form strong bonds with proteins 23 and that inhabitants of rural towns run a greater risk of arsenic consumption through contaminated water, this study set out to determine the number of sites, the intrinsic constant of the As-BSA bond, and the thermodynamic parameters of this association by way of employing a spectrophotometric technique. BSA was used instead of HSA owing to its low cost and greater availability.
Materials and method Materials
Lyophilized BSA powder with a degree of purity greater than 98% (molecular weight, 66,500 g/mol) was provided by FEDESA-UNSL (Cordoba, Argentina 
instrument
To measure the absorption, a spectrophotometer Shimadzu UV-160A (Shimadzu Corporation, Kyoto, Japan) was used, and the temperature was regulated with a thermostatic bath, RA Lauda (Lauda-Königshofen, Germany).
Methodology
A phosphate buffer solution of 0.02 M, pH 7.4, and ionic strength 0.15 M was used. The concentrations of the BSA solutions were established by weight. Approximately 2 mL of BSA solution was loaded into the spectrophotometer cuvette, and subsequently, 25 µL of iAs V or iAs III was gradually added. Absorbances were recorded at wavelengths of 253, 278, and 280 nm and at three different temperatures: 20°C, 25°C, and 37°C. The extinction coefficients of BSA were determined from the initial absorbance value of each round of the experiment for each temperature and selected wavelength. The experiment was carried out in duplicate.
This methodology was adopted because the variation in absorbency of the complexes that form is small, as shown in Figure 1 . Figure 1 shows the absorption spectrum of BSA, BSA-iAs V , and BSA-iAs III complexes registered in the region of 250-300 nm.
The wavelengths of 280 and 278 nm were selected to observe changes in the environment of tyrosines and tryptophans and that of 253 nm for the possible binding to Cys. Figure 2 shows the graph obtained with the methodology adopted from the registered absorbance values (253 nm) after the addition of iAs V , and Figure 3 is similar to iAs III instead.
considerations on the equilibrium
In this study, the variation of absorbance between BSA and the complex was used to follow the binding process of arsenic (V or III). The relationship between the concentration of ligand L and the macromolecule P is termed the degree of saturation (ν), and represents the average number of moles of bound ligand per mole of macromolecule:
Equation 2, approximation due to Klotz et al, 25 relates the degree of saturation with the binding constant K:
where n is the number of binding sites of the macromolecule.
From Figure 4 , the obtained graph, the binding constants K were determined as well as the number of binding sites n between BSA and iAs V at the different temperatures. The same procedure was applied for the interaction between BSA and iAs
III
. These values are denoted in Tables 1 and 2 , respectively.
The thermodynamic parameters were evaluated keeping in mind that the binding constant can be related to the change in Gibbs free energy (∆G°):
Equation 4, from van't Hoff, relates the variation in the binding constant with the temperature and the standard enthalpy (∆H°), which was considered constant for both systems due to the small range of work temperatures:
A plot of Equation 4 is shown in Figure 5 . 
In Tables 1 and 2 , the values obtained in the interaction of BSA with iAs V (Table 1 ) and iAs III (Table 2 ) are shown. In a solution, the protein surface is clothed by layers of water molecules, some of which are strongly perturbed by the protein through hydrogen bonding or hydrophobic interactions.
The negative values of ∆G° indicate that the complexation reaction between BSA and iAs V is favored; the low-enthalpy value (negative) and the entropy change (positive) suggest that the interaction is ionic (or that of charge neutralization). 26 In the association between iAs III and BSA, allowed by the ∆G°, the value of positive enthalpy would indicate that the process is due to the penetration of the species iAs III in the hydration surface of BSA 27, 28 and that the species is associated hydrophobically. This new structure is more ordered in the nonpolar sectors. The interaction is hydrophobic. 26 The rise in absorbance of the BSA-iAs V complex is significantly greater than that of the BSA-iAs III complex and suggests that the ionic association facilitates the molar absorptivity of chromophores groups, while the hydrophobic interaction could exert a screening effect on the radiation.
A complementary absorbance test in the region of 220-320 nm of Cys and cystine with iAs V and iAs III , in a 1:1 mole relation and with a buffer solution of pH 7.4, was carried out. It was observed that the form and magnitude of the absorption spectrum of Cys and cystine is not modified by the presence of the iAs V species, while the iAs III species interacts with cystine and gives a spectrum of the same form but of greater absorbance that points to the formation of a complex. The Cys spectrum, in the presence of iAs III , shows a gradual rise in absorbance, from 300 to 260 nm, and is very pronounced from 260 to 230 nm, indicating the formation of a complex.
BSA absorbance and its complexes at 253, 278, and 280 nm are due to the presence of Cys, tryptophan, and tyrosine. A change in the electronic environment, greater exposition to the solvent, or a reaction of these residues modifies the absorbance. A smaller increase in absorbance in the latter wavelengths in relation to the absorbance at 253 nm was registered. This would indicate that tyrosine and tryptophan residues will not be responsible for complex formation, 29 though the scope of this study does not allow us to confirm this.
In the interaction of BSA with iAs III and iAs V , a significant difference in absorbance is not observed at 253 nm. Cys 34 has not interacted with iAs III, as expected, suggesting that this amino acid would be very protected and inaccessible.
Conclusion
Bearing in mind that the BSA molecule is hydrated, the first stage of the interaction is necessarily hydrophobic. 30 The second step, of BSA association, includes ionic interactions, hydrogen bonds, and hydrophobic interactions. Considering that iAs V provides ionic ligands, while iAs, III a physiological pH, is as a nondissociated species (H 3 AsO 3 ) with dipolar moment, it may be concluded that:
• The interaction of BSA with iAs V is the result of overcoming the ionized hydration shell of BSA, and the subsequent binding to amino acids is superficial, accessible, and charged. The result is an ionic bond.
• The interaction of BSA with iAs III is produced through the hydration shell in the hydrophobic regions of BSA (clathrate). The formed species increases the hydrophobic 
